We have performed Ti K-edge EXAFS and XANES measurements on 4 and 3 wt% TiCl 3 -activated NaAlH 4 and (LiBH 4 +0.5MgH 2 ) and Ni K-edge measurements on 3 and 11 wt% NiCl 2 -activated (LiBH 4 +0.5MgH 2 ) and (Li 3 BN 2 H 8 ) -prospective hydrogen storage materials. The valence of Ti and Ni is close to zero and invariant during hydrogen cycling. None of the metals enter substitutionally or interstitially into the crystalline lattice of the initial or final products. For the Ti-activated NaAlH 4 and (LiBH 4 +0.5MgH 2 ), amorphous TiAl 3 and TiB 2 alloys are formed, which are almost invariant during cycling. The Ni doped (LiBH 4 +0.5MgH 2 ) initially forms amorphous Ni 3 B, which is partly converted to amorphous Mg 2 NiH y upon hydrogen loading. Local structure around Ti(Ni) atoms is expressed in terms of a cluster expansion and the interatomic distances, coordination numbers and Debye-Waller factors are determined for competitive structural models. For Ti-activated NaAlH 4 the models are elaborated by Ti K-edge XANES, which are interpreted in terms of single-electron multiple scattering calculations. Structural properties and phase stability of hypothetical hydrogenated TiAl 3 as well as several products of the decomposition reaction are determined from density functional theory calculation. First-principles molecular dynamics simulations of surface diffusion and chemical reactivity imply that the formation of a few monolayers of TiAl 3 on the surface may be responsible for the significant increase in the reaction rate.
INTRODUCTION
Much research has focused on studying complex metal hydrides suitable for reversible hydrogen storage at moderate temperatures and hydrogen pressures [1] [2] [3] [4] [5] [6] [7] [10] [11] [12] . Bogdanovic et al. [1] demonstrated that adding ~2 wt% of Ti increased the rate of desorption and absorption of hydrogen in sodium alanate (~5.6 wt%): NaAlH 4 ↔ 1/3Na 3 AlH 6 +2/3Al+H 2 ↔ NaH+Al+3/2H 2 (1) Knowledge of spatial configurations of the metal dopant atoms and their changes during cycling is necessary to develop a microscopic understanding of energy landscapes and engineering new catalysts. Xray diffraction, inelastic neutron scattering, and other long-range order techniques have failed to identify the structure of the local species. First-principles simulations [4] were not conclusive either due to vast parameter space of size, shape, and composition.
Being local, element specific, and sensitive to impurities, x-ray absorption spectroscopy (XAS) is well suited to identify the local configuration of the active species. Preliminary XAS studies [5, 6] determined that Ti is coordinated by Al and is zerovalent. In this paper, we report on a combined experimental (EXAFS and XANES) and theoretical (DFT and MD) study of Ti-activated alanate. EXAFS results on Ti-and Ni-activated LiBH 4 +0.5MgH 2 
EXPERIMENTAL
The preparation of 4 wt% Ti-doped NaAlH 4 was described elsewhere [5] . 3 wt% TiCl 3 -activated LiBH 4 +0.5MgH 2 was cycled four times. Results on samples after the second hydrogenation and fourth desorption are presented. 3 wt% NiCl 2 -activated LiBH 4 +0.5MgH 2 was cycled two times. 11wt% NiCl 2 -activated Li 3 BN 2 H 8 was quenched at the halfway (-5 wt%) and complete hydrogen desorption (-11wt%).
Ti and Ni K-edge spectra were collected at beamlines X19a and X9b at the NSLS using a Si(111) double crystal monochromator. A reflecting mirror was used to suppress the higher order harmonics. Spectra were acquired in fluorescence yield using a PIPS detector or a 13-element Ge detector (Canberra) with an energy resolution of 260 eV for the diluted samples. Due to low Ti/Ni concentrations, the spectra were not corrected for "self-absorption." From 4 to 12 spectra were collected to assure reproducibility. All samples were kept at ~40 K. The standard procedures for experimental data reduction implemented in EDA [8] and VIPER [9] were used to obtain k 2 χ(k) EXAFS. The resulting fits are shown in Fig. 1 and the obtained structural parameters are summarized in Table 1 . In Ti-activated NaAlH 4 , the Ti species is similar to amorphous TiAl 3 with local structure about the Ti given by a cluster expansion of Ti-H x -Al 10 -Ti 2 -... The structure is nearly invariant during H cycling. A Ti-Al contribution was fit with singe-shell (1S) and two-shell (2S) models. Though the agreement factor, R a , of the 2S model is less than that of the 1S model, the corresponding reduced agreement factors are opposite: R a (2S)/ν 2 > R a (1S)/ν 1 meaning that the 2S model is statistically unfavorable for the given experimental data set. Analysis of χ(k) spectra indicates that ~5±3 H atoms may be located at 1.78±0.04 Å. The issues will be elaborated by XANES and DFT presented below.
RESULTS AND DISCUSSION
In Ti-activated LiBH 4 +0.5MgH 2 the Ti-species formed after cycling resembles amorphous TiB 2 (aTiB 2 ) with reduced Ti-B and Ti-Ti coordination. This suggests either that LiBH 4 and a-TiB 2 compete for boron, or repeated cycling promotes nano-dispersion. As a whole, similar to Ti-activated NaAlH 4 , the aTiB 2 is almost invariant during the cycling.
Ni-based species in LiBH 4 +0.5MgH 2 do change upon the cycling. Amorphous Ni 3 B (a-Ni 3 B) seen in the desorbed sample is partly converted to amorphous MgNi 2 Hy (a-MgNi 2 Hy) in the hydrogenated phase. 2 , R ν =R a /ν where M is the number of data points and ν is the number of degrees of freedom in the fit. Typical accuracy for N and σ 2 is ~10%. 
